We aimed to estimate and compare within-day energy balance (WDEB) in athletes with eumenorrhea and menstrual dysfunction (MD) with similar 24-hour energy availability/energy balance (EA/EB). Furthermore, to investigate whether withinday energy deficiency is associated with resting metabolic rate (RMR), body composition, S-cortisol, estradiol, T 3 , and fasting blood glucose. We reanalyzed 7-day dietary intake and energy expenditure data in 25 elite endurance athletes with eumenorrhea (n = 10) and MD (n = 15) from a group of 45 subjects where those with disordered eating behaviors (n = 11), MD not related to low EA (n = 5), and low dietary record validity (n = 4) had been excluded. Besides gynecological examination and disordered eating evaluation, the protocol included RMR measurement; assessment of body composition by dual-energy X-ray absorptiometry, blood plasma analysis, and calculation of WDEB in 1-hour intervals. Subjects with MD spent more hours in a catabolic state compared to eumenorrheic athletes; WDEB < 0 kcal: 23.0 hour (20.8-23.4) vs 21.1 hour (4.7-22.3), P = .048; WDEB < −300 kcal: 21.8 hour (17.8-22.4) vs 17.6 hour (3.9-20.9), P = .043, although similar 24-hour EA: 35.6 (11.6) vs 41.3 (12.7) kcal/kg FFM/d, (P = .269), and EB: −659 (551) vs −313 (596) kcal/d, (P = .160). Hours with WDEB <0 kcal and <−300 kcal were inversely associated with RMR ratio (r = −.487, P = .013, r = −.472, P = .018), and estradiol (r = −.433, P = .034, r = −.516, P = .009), and positively associated with cortisol (r = .442, P = .027, r = .463, P = .019). In conclusion, although similar 24-hour EA/EB, the reanalysis revealed that MD athletes spent more time in a catabolic state compared to eumenorrheic athletes. Within-day energy deficiency was associated with clinical markers of metabolic disturbances.
| INTRODUCTION
Athletes need an adequate and balanced food and fluid intake that provides nutritional support for optimal adaption to training and optimal performance, but also for preventing illness and injuries. An appropriate energy intake is the cornerstone of the athlete's diet because it supports optimal body function, determines the capacity for intake of macronutrient and micronutrients, and assists in manipulating body composition. 1, 2 Female athletes focusing on leanness, however, have been reported to have an increased risk of developing restricted eating behaviors and low energy availability | FAHRENHOLTZ ET AL.
(EA). [3] [4] [5] Low EA with or without disordered eating (DE) behavior is related to endocrine alterations leading to several health and performance impairing conditions including menstrual dysfunction (MD), gastrointestinal problems, impaired bone health, and increased injury risk. [4] [5] [6] The hormonal synthesis and increased luteal phase thermogenesis are energy consuming processes, 7 and the energy metabolism at rest (RMR) therefore changes up to 10% during the menstrual cycle, with peaks during the late luteal phase. 8 MD may consequently result in lower energy needs in a physiological adaptation to insufficient energy intakes. Most female athletes with long-term energy deficiency are reported to maintain a steady body weight and body composition within the normal range, independent of their reproductive function. 9 Therefore, other metabolic mechanisms may be involved, such as a reduction in RMR and/or non-exercise activity thermogenesis (NEAT), 10 as well as in increased work-load efficiency. 11, 12 Traditionally, the energy status of athletes is evaluated in blocks of 24 hours as either energy balance (EB) (energy intake−total energy expenditure) or EA (energy intake−exercise energy expenditure). 13 Experimental studies have demonstrated a causal relationship between low EA and the endocrine perturbations related to MD. [14] [15] [16] However, consistent with many other studies, 6, 17, 18 we have previously reported similar 24-hour EA and EB in this group of elite athletes with MD vs eumenorrheic athletes. 12, 19 The traditional 24-hour view on human thermodynamics has been criticized for failing to account for the endocrine responses that act on real-time changes in energy intake and expenditure. 20 Therefore, a new view on EB, where energy intake and energy expenditure are assessed in 1-hour intervals, has been proposed to be more appropriate. 20 Within-day energy deficiency (WDED) has previously been associated with an unfavorable body composition in female elite gymnasts and runners, presumably related to both an adaptive reduction in RMR, 21 and endocrine responses that favor muscle catabolism and fat gain. 20, 21 Therefore, a restrictive eating behavior, resulting in more hours spent in energy deficiency, may have the opposite of the desired effect on athletes' body composition. A desirable range of EB of ±300 kcal has been suggested, as 300 kcal corresponds to the predicted amount of liver glycogen for female athletes. 21 Exceeding the threshold of EB below -300 kcal could potentially accelerate biochemical pathways associated with energy deficiency 20 and compromise brain glucose availability and thereby normal gonadotropin-releasing hormone (GnRH) neuron activity and luteinizing hormone (LH) pulsatility. 7, 13 According to the International Olympic Committee consensus statement, WDED is a possible contributor to the reproductive and metabolic alterations associated with relative energy deficiency. 4 However, these links have not been demonstrated in athletes. Hence, we wanted to investigate whether female elite endurance athletes with MD with similar reported 24-hour EB and EA as eumenorrheic athletes spend more time in a catabolic state and have a larger magnitude of WDED compared to eumenorrheic athletes. Furthermore, it was our intent to investigate whether WDED is associated with suppressed RMR and endocrine alterations in these athletes.
| METHODS
Permission to undertake the study was provided by the Swedish and Danish Confederation of Sports, Team Denmark, the Data Inspectorate, and the Regional Ethical committees, both in Sweden and Denmark (nos. 2011/576 and H-4-2011-096, respectively). The protocol was registered at www.clinicaltrials.gov. We reanalyzed data concerning 7-day energy intake and energy expenditure from a previous study, 19 and the recruitment and methods used have previously been described in detail. 12 Athletes recruited and included in the subject pool were endurance athletes on a national team or competitive club level between the age of 18 and 38 years and training a minimum of 5 times per week. All subjects had been informed orally, and in writing, of all study procedures and signed an informed consent form. Data were collected on 2 consecutive days that were followed by a 7-day recording period in the athletes' normal environment. The timing of the examination and registration period was planned individually for each subject to choose a period that reflects their habitual food habits and exercise regimes. Menstruating athletes were examined in the early follicular phase. The first day consisted of anthropometric assessment (body weight and height, dual-energy X-ray absorptiometry [DXA] After the 2 examination days, subjects weighed and registered food and beverage intake during a consecutive 7-day period using a digital kitchen scale (Exido 246030 Kitchen Scale, Gothenburg, Sweden). Heart rate monitors (Polar RS400 ® , Kempele, Finland) and training logs were used to assess energy expenditure during exercise and bicycle transportation, while subjects wore an accelerometer (ActiGraph GT3X ® , Pensacola, FL, USA) on the hip (except during showering, swimming, bicycle transportation, and training) for the assessment of NEAT. Exercise energy expenditure for swim sessions was calculated based on mean heart rate obtained from the remaining training sessions. NEAT was calculated for each waking hour using the data analysis software ActiLife 6 (ActiGraph). The nutrient analysis program MadlogVita (Madlog ApS, Kolding, Denmark) and Dietist XP (Kost och Näringsdata AB, Bromma, Sweden) were used to analyze food records. The daily numbers of meals and snacks were counted. Dietary analysis was performed in 25 subjects after excluding 5 due to clinically verified MD other than functional hypothalamic amenorrhea/oligomenorrhea, 11 due to DE and 4 due to low validity using the equation described by Black. 24 Energy availability was calculated as total energy intake minus exercise energy expenditure (mean/24 h) expressed in relation to FFM. The athletes themselves defined and registered every training session.
The hourly within-day energy balance (WDEB) was calculated as follows: energy intake−total energy expenditure, where total energy expenditure represents exercise energy expenditure + predicted exercise postoxygen consumption (EPOC) + diet-induced thermogenesis (DIT) + NEAT + RMR. WDED variables were used according to Deutz, et al 21 : total hours with energy deficit (unadapted WDEB < 0 kcal), hours spent in energy deficit exceeding 300 kcal (unadapted WDEB < −300 kcal), and largest single-hour energy deficit ( Figure 1 ). DIT was defined as 10% of energy intake, and the equation 175.9 × T × e RMR ratio was calculated as measured RMR/predicted RMR. Sleeping metabolic rate was calculated as 90% of RMR and used instead of RMR during sleeping hours. The starting point for the calculation of WDEB was at midnight on the first day of food recording and was calculated as the mean energy intake of the last daily meal or snack minus mean total energy expenditure in the time interval following the mean meal/snack consumption. WDEB was calculated continuously for the 7 days of registration.
| Statistics
Statistical calculations were performed using RStudio version 0.99.879 (Boston, MA, USA) with a 2-tailed significance level of <0.05. All data sets were tested for normality and homogeneity of variance before statistical hypothesis tests were performed. Normally distributed data were summarized as mean and standard deviation (SD), and non-normally distributed data as median and interquartile range (IQ 25 and IQ 75 percentiles). Differences between MD and eumenorrheic subjects were investigated using unpaired Student's t test for normally distributed data and the Wilcoxon rank-sum test for non-parametric data. Pearson's correlation coefficient and Spearman's rank correlation coefficient were calculated to investigate associations between WDED variables and continuous outcomes for normally and non-normally distributed data, respectively.
| RESULTS
Subject characteristics are presented in Table 1 . As earlier reported, 19 15 of 25 subjects (60%) were diagnosed with MD and there were no differences in age, height, body weight, or BMI between subjects characterized by reproductive function. MD subjects had 19% lower FM and 14% lower relative FM compared to eumenorrheic subjects, although there were no differences in training volume or exercise capacity. There were no differences in any of the energy expenditure components between eumenorrheic and MD subjects, but subjects with MD had lower RMR ratio compared to eumenorrheic subjects ( 160) between subjects with MD vs those with eumenorrhea. Subjects with MD spent more time with EB <0 kcal (P = .048) and <−300 kcal (P = .043) compared to eumenorrheic subjects (Table 3) . Subjects with MD had significantly more meals/snacks per day compared to eumenorrheic subjects (6.5 [1.0] vs 5.5 [0.8] meals/d, P = .014). We found no association between meal frequency and energy intake, but time spent in energy deficiency was positively associated with meal frequency (r = .398, P = .048).
A subanalysis excluding oligomenorrheic subjects showed a more pronounced difference between amenorrheic (n = 11) and eumenorrheic subjects in EB <0 kcal (23. The regression analysis showed that the more hours spent with EB <0 kcal and <−300 kcal, the lower the RMR ratio and estrogen and the higher the cortisol levels (Table 4 ). In addition, smaller magnitudes of hourly energy deficits (closer to 0 kcal) were associated with higher estrogen level.
| DISCUSSION
Although assessed athletes had similar 24-hour EA and EB, this reanalysis revealed that those with MD spent significantly more time in a catabolic state compared to eumenorrheic athletes. In addition, the more time the athletes spent in a catabolic state the lower the RMR ratio and estrogen, and the higher the cortisol levels.
Previously, Deutz et al 21 investigated WDEB in female elite athletes. The present study is, however, the first to include its relationship with reproductive function and metabolic adaptations. In contrast to Deutz and collaborators, we found no association between WDED and body composition. The menstrual cycle is an energy-demanding process that relies on adequate availability of energy and glucose for optimal LH pulsatility. 13 Randomized controlled trials have demonstrated a disruption of the normal sex hormone secretion in regularly menstruating women [14] [15] [16] when manipulating EA, and it is well established that relative energy deficiency increases the risk of MD. 4 However, in line with many earlier studies, 6 ,17,18 we could not demonstrate significant differences in 24-hour EB or EA between MD and eumenorrheic athletes. Several researchers have suggested that a plausible difference among women is their susceptibility to energy restriction, 3, [17] [18] [19] 27 which might contribute to the explanation for similar 24-hour EB and EA in athletes with and without MD. An additional factor could be that the 24-hour assessment of energy status masks periods with energy deficiency substantial enough to maintain reproductive dysfunction. When calculating the traditional 24-hour EB or EA, light training days may have a compensatory effect on the mean 24-hour value. In contrast, the WDEB calculation is cumulative and takes into account potential energy deficiencies or access from previous days. During the follicular phase, pulses of GnRH, responsible of the release of LH and follicle stimulating hormone from the anterior pituitary, occur at hourly intervals, 7 and animal studies suggest that the reproductive function is responsive to hourly changes in metabolic fuel oxidation. 28 Both energy expenditure and energy intake fluctuate greatly during waking hours, providing a natural within-day variation in EA and EB in athletes. 13 Although the athletes in the present study, independently of reproductive function, spent the majority of the day in an energy deficient state, the athletes with MD spent 24% more hours in EB <−300 kcal compared to eumenorrheic athletes, providing a potentially more profound catabolic state in female athletes with MD. It is possible that amenorrheic athletes spend a greater proportion of time during the day without sufficient blood glucose available, which would negatively impact normal functioning of the hypothalamic-pituitary-gonadal axis. hours in the present study may be women with a more robust reproductive function. On the other hand, it is unknown whether these athletes may have had subclinical MDs associated with energy deficiency such as anovulation or luteal phase abnormality (luteal length <10 days or inadequate/low progesterone concentration 6 ). This condition is diagnosed by measuring daily ovarian steroid hormones in blood or urine over a full menstrual cycle. 9 Indeed, an incidence of 79% of luteal phase deficiency has been reported among recreational, regularly menstruating runners in a 3-month sample. 6 In the sedentary control group, 90% of all menstrual cycles were ovulatory, whereas in the runners, only 45% were ovulatory. Another possible explanation is related to the cross-sectional design where measurements only provide a snapshot over 1 week and not necessarily the long-term consequences of energy deficiency, which is necessary to develop MD. In this perspective, it is important also to evaluate more acute consequences of energy deficiency such as suppressed RMR as we did in the present study, where we found WDED to be associated with lower RMR ratio . Several studies have reported reduced RMR in female athletes with MD compared to eumenorrheic athletes, 12,29-31 and our results support previous studies suggesting that the RMR ratio may be used as a useful marker for identifying athletes with energy deficiency. 5, 12, 18, 27 Consequently, when calculating EB in athletes with insufficient energy intake and MD, using measured RMR might result in a more neutral EB, underestimating the degree of energy deficiency. 13, 32 We found WDED to be associated with higher cortisol and lower estrogen levels and a trend suggesting lower T 3 levels, as signs of biological stress. LH pulsatility, T 3 , and cortisol levels are regulated by brain glucose availability; 13 hence, extensive periods in an energy deficient state are likely to cause these hormonal alterations. The present study found no association between body composition and WDED. This is in contrast to an earlier study assessing elite female runners and gymnasts, where hours with EB <0 kcal and with EB <−300 kcal were positively associated with relative fat mass (r = .285, P = .03 and r = .407, P < .01, respectively), and the largest energy deficit was negatively associated with relative fat mass (r = −.378, P < .01). 21 It has been suggested that an increased meal frequency 33 and an increased protein intake of 1. 
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within-day energy deficiency and markers for catabolic state these MD athletes might potentially explain the maintenance of FFM despite profound WDED.
| Limitations
As this is an observational study, it is not able to demonstrate a causal relationship between WDED and reproductive function or metabolic adaptations. As reviewed by Burke, 1 studies using self-reported food diaries are always challenged by errors of validity and reliability. Although subjects with DE behavior and suspected under-reporters were excluded, there is a risk for not identifying all subjects miss-reporting dietary intake. 24 Despite possible systemic errors, these are presumed to be equally distributed between groups and the differences found are therefore still valid even if energy expenditure has been overestimated and/or energy intake has been underestimated. Due to the small sample size and several correlation analyses made, our results should primarily be seen exploratory. Nevertheless, our findings that MD athletes spent significantly more time in a catabolic state compared to eumenorrheic athletes although similar 24-hour EA and EB assessment is interesting and was associated with clinical markers of energy suppression, for example lower RMR. Finally, the energy deficiency cut-off −300 kcal, suggested by Deutz et al, 21 is theoretically founded and may vary depending on different individual factors, including body weight. 35 Lack of identification of subclinical MD is also a limitation of the study. As other calculation methods evaluating athletes' energy status, the WDEB calculation entails uncertainties. Nevertheless, the 24-hour assessments, although more practical, may be too simple to detect the differences in energy deficiency between MD and eumenorrheic athletes.
| Practical implications
Based on the results from the present and other studies, 6, 17, 18 a continuous view on energy status evaluated in smaller time blocks may be more appropriate than the 24-hour assessments. However, the method is time-consuming and requires equipment capable of assessing energy expenditure in minor blocks, and participants must carefully note the timing of energy intake and energy expenditure. Nonetheless, our results emphasize important considerations for practitioners of the potential limitations of the 24-hour assessment. A high meal frequency may be necessary for athletes to ensure adequate energy intake 35, 36 and to improve WDEB. However, the paradoxical finding of a positive association between WDED and meal frequency suggests that a high meal frequency does not improve WDEB in athletes eating mainly low energy dense foods as earlier reported in this population, especially among MD athletes. 19 Therefore, other dietary characteristics, behavioral attitudes, and taboos toward certain foods, including carbohydrate-rich foods, fats, and energy containing beverages need to be evaluated when counseling athletes at risk for energy deficiency.
| PERSPECTIVES
The present study demonstrates that the traditional 24-hour assessment of EB and EA may not be sufficient for detecting athletes in an energy deficient state and a continuous view on EB may be more appropriate. This is the first study to investigate the relationship between WDED and clinically verified MD as well as metabolic suppression related to energy deficiency. Therefore, more studies are needed, preferably with larger sample size in order to be able to differentiate between subjects with oligomenorrhea and amenorrhea, but also subjects with subclinical MD (anovulation and short luteal phase defect).
